High CRM1 expression was associated with short survival of AML patients. • CRM1 inhibitor induces apoptosis mainly in a p53-dependent manner, whereas inhibition of proliferation was p53 independent.
Introduction
The tumor suppressor p53 is activated in response to malignancyassociated stress signals and transcriptionally regulates genes involved in DNA repair, growth arrest, and apoptosis. Cellular mechanisms for the accumulation, stabilization, and deployment of p53 as a potent transcription factor have been postulated to be imperative for preventing the growth of abnormal or damaged cells. 1 p53 loss can promote development of acute myeloid leukemia (AML). 2, 3 Cellular levels of p53 are critically regulated by mouse double minute 2 (MDM2). MDM2 is a p53-specific E3 ubiquitin ligase, which promotes p53 degradation. MDM2 is frequently overexpressed in AML. [4] [5] [6] [7] The selective MDM2 antagonist Nutlin-3a binds to MDM2 in the p53-binding pocket, disrupts MDM2-p53 interaction, and increases both nuclear and cytoplasmic p53 levels. [7] [8] [9] Nutlin-3a induces p53-mediated apoptosis in leukemia cells. 7, [9] [10] [11] [12] The clinical analog RG7112 has been shown to activate p53 signaling and induce apoptosis and clinical responses in patients with hematologic malignancies. 13, 14 p53 is shuttled between the nucleus and the cytoplasm. 1, 15 Exportin 1 (chromosomal region maintenance 1 [CRM1]) is a member of nuclear export receptors recognizing proteins bearing a leucine-rich nuclear export signal. 16 CRM1 is involved in nuclear export of a number of proteins including p53, p21, p27, p73, nucleophosmin-1 (NPM1), protein phosphatase 2, forkhead box protein O3, b-catenin/antigenpresenting cell, topoisomerase II, and nuclear factor kB/inhibitory nuclear factor kB. 16, 17 CRM1 overexpression has been associated with poor prognosis of solid cancers. [18] [19] [20] [21] CRM1 expression has not yet been investigated in AML. Karyopharm Therapeutics has developed novel, potent, and irreversible small-molecule selective inhibitors of CRM1, selective inhibitors of nuclear export (SINEs). SINEs selectively bind to Cys528 of CRM1, thereby inhibiting CRM1 binding to its target proteins. 22 SINEs have been shown to induce apoptosis and block proliferation in malignant cell lines, including pancreas, colon, and breast cancer, as well as leukemias. [22] [23] [24] SINEs have shown minimal toxicities in normal human cells including hematopoietic cells. [22] [23] [24] Cell culture Cells were cultured in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum. OCI-AML-3, MOLM-13, and MV4;11 have wild-type p53; whereas NB4, HL-60, KG-1, THP-1, and U937 have defective (deleted or missense mutated) p53. 7, 25 Cell lines were harvested in log-phase growth, seeded at a density of 2 3 10 5 cells per mL and exposed to compounds. Heparinized peripheral blood samples were obtained from AML patients after informed consent, according to institutional guidelines per the Declaration of Helsinki. Human umbilical cord blood was collected according to institutional guidelines. Mononuclear cells were purified by density-gradient centrifugation, and nonadherent cells were resuspended at a density of 1 3 10 6 cells per mL. Cell viability was evaluated by triplicate counts of trypan blue dye-excluding cells.
Apoptosis analysis
Evaluation of apoptosis by the annexin V-propidium iodide binding assay was performed. 7 The extent of apoptosis was quantified as percentage of annexin V-positive cells, and the extent of drug-specific apoptosis was assessed by the following formula: % specific apoptosis 5 (testcontrol) 3 100 / (100control). 9
Western blot analysis
Western blot analysis was performed using the Odyssey imaging system (LI-COR Biosciences, Lincoln, NE). The following antibodies were used: mouse monoclonal anti-p53 (DO-1; Santa Cruz Biotechnology, Santa Cruz, CA); rabbit polyclonal anti-p53 (FL-393; Santa Cruz Biotechnology); sheep polyclonal anti-p53 (SAPU; Enzo Life Sciences, Ann Arbor, MI); rabbit polyclonal anti-CRM1 (Santa Cruz Biotechnology); mouse monoclonal anti-p21 (EMD Biosciences, San Diego, CA); mouse monoclonal anti-MDM2 (Santa Cruz Biotechnology); and mouse monoclonal anti-b-actin (Sigma Chemical Co., St. Louis, MO).
Quantitation of intracellular p53 protein by flow cytometry
Cells were fixed and permeabilized with 100% methanol, incubated with fluorescein isothiocyanate-conjugated antibody against p53 or its isotype control (BD Biosciences, San Jose, CA), and analyzed. 9 Immunofluorescence and confocal microscopy Cells were fixed and permeabilized with 100% methanol and incubated with rabbit polyclonal anti-p53 (Santa Cruz Biotechnology) and mouse monoclonal anti-cytochrome c oxidase IV (Molecular Probes, Eugene, OR), followed by Alexa Fluor 488 and 647 secondary antibodies (Molecular Probes). Nuclei were counterstained with 49,6-diamidino-2phenylindole. Images were acquired using an Olympus DSU spinning disk confocal microscope.
Gene expression analysis
Messenger RNA expression levels were quantified using TaqMan gene expression assays (TP53I3, Hs00153280_m1; GDF15, Hs00171132_m1; MDM2, There is a relationship between the 3 components (P 5 .0002), and the contour blots, projections of a threedimensional surface onto a two-dimensional plane, demonstrate that CRM1 (positive correlation) and MDM2 level (negative correlation) interactively modulate p53 levels. The color scale refers to the expression (on the log 2 scale like the rest of the data) of the z-axis component (ie, p53). The scale of p53 ranges from ,20.5 to 12.5. The plot was generated using Statistica software. (B) Kaplan-Meier curves and results of multivariate analysis for overall survival in patients with AML. The final model of multivariate analysis includes 6 variables, and high CRM1 expression is an independent predictor of overall survival in AML.
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For personal use only. on April 14, 2017. by guest www.bloodjournal.org From Hs00242813_m1; PUMA, Hs00248075_m1; ZMAT3, Hs00536976_m1; p21, Hs00355782_m1; GAPDH, Hs99999905_m1; Applied Biosystems, Foster City, CA) on a 7900HT Fast Real-Time PCR System. Relative quantification between different samples was determined according to the 2 -DDCt .
Reverse-phase protein array
Peripheral blood and marrow specimens were collected from 511 patients with newly diagnosed AML evaluated at The University of Texas M.D. Anderson Cancer Center. Normal marrow CD34 1 cells from healthy donors aged 18 to 55 were obtained from AllCells (Emeryville, CA). The demographics and clinical characteristics of the patient population have been previously reported. 26, 27 The methodology and validation of the proteomic profiling technique have been described previously. 27, 28 A strictly validated CRM1 antibody (H-300, Santa Cruz Biotechnology) was used. The same Reverse-protein protein array (RPPA) was also probed with antibodies against 207 other proteins (listed in supplemental Table 1 ; see the Blood Web site), as part of a broader proteomic profiling study.
Mutation analysis
Mutation analysis of TP53, FLT3, and NPM1 was performed as previously described. 7, [27] [28] [29] Next-generation sequencing-based analysis was performed in selected samples.
Statistical analysis
The statistical analysis was performed using the 2-tailed Student t test. Statistical significance was considered when P , .05. Unless otherwise indicated, average values were expressed as mean 6 standard deviation (SD). Synergism, additive effects, and antagonism were assessed as previously described. The combination index (CI), a numerical description of combinatorial effects, was calculated using the more stringent statistical assumption of mutually nonexclusive modes of action. When CI 5 1, this equation represents the conservation isobologram and indicates additive effects. CI values ,1.0 indicate a more than expected additive effect (synergism), whereas CI values .1.0 indicate antagonism. 30 Statistical analysis of RPPA data was performed as previously described. 27 Comparison of CRM1 levels between paired samples was done using the paired t test. Associations between CRM1 levels and categorical clinical variables were assessed in the R software program (Version 2.8.0), using standard t tests, linear regression, or mixed-effects linear models. Associations between the protein level and continuous variables were assessed using Pearson and Spearman correlation and linear regression analysis. For correlation of CRM1 expression with that of other proteins, we accounted for multiple testing using a Bonferroni correction and accepted any proteins with a Pearson correlation |R| > 0.2 and P , .0001. The Kaplan-Meier method was used to generate survival curves. A Cox proportional hazards regression model was used to investigate association with survival with protein levels as categorized variables using Statistica Version 10 software (StatSoft, Tulsa, OK). Patients with missing data were excluded from the analysis. Samples were acquired during routine diagnostic assessments in accordance with the regulations and protocols (Laboratory 01-473) approved by the investigational review board of The University of Texas M.D. Anderson Cancer Center. Informed consent was obtained in accordance with the Declaration of Helsinki. Samples were analyzed under a review board-approved laboratory protocol (Laboratory 05-0654).
Results

CRM1 expression has prognostic impact on AML
CRM1 expression was investigated in patient AML samples using an RPPA. CRM1 was variably expressed over a 32-fold range in samples from patients with AML. The CRM1 levels were not significantly different between AML and normal bone marrow-derived CD34 1 cells (P 5 .53; 511 AML and 21 normal samples) (supplemental Figure 1A ), although 20.5% of new AML cases showed expression above and 12% below that of normal CD34 1 cells. In paired samples, CRM1 expression levels were not significantly different between peripheral blood and marrow AML cells (P 5 .12, n 5 140). CRM1 levels were not significantly affected by age (r 5 0) or sex (P 5 .23). Higher levels of CRM1 were associated with higher marrow blast percentages (r 5 0.20, P , .00001), white cell counts (r 5 0.12, P 5 .0079), peripheral blood blast percentages (r 5 0.21, P , .00001), and absolute peripheral blood blast count (r 5 0.17, P 5 .0002). Expression was lower in those with favorable cytogenetics compared with those with intermediate or unfavorable cytogenetics (P 5 .029). CRM1 levels were higher in patients with Fms-like tyrosine kinase-3 (FLT3) mutations (P 5 .003; supplemental Figure 1B ) and marginally higher in patients with NPM1 mutations (P 5 .06; supplemental Figure 1B ). As part of a broader proteomic profiling study of AML, this same RPPA was also probed with antibodies against 207 other proteins (supplemental Table 1 ); of these, 29 proteins were found to be positively (n 5 22) or negatively (n 5 7) correlated with CRM1 levels (|R| > 0.2, P , .0001) (supplemental Figure 2 ). Several proteins that showed correlation with CRM1 expression are components of protein kinase B (AKT/ PKB) signaling, including AKT, its upstream phosphatidylinositol-3 kinase p85 (PI3Kp85) and phospho-phosphatase and tensin homolog (phospho-PTEN), and downstream phospho-BCL2-associated agonist of cell death (phospho-BAD) (Ser112, Ser136) and 14-3-3 z.
We then investigated the correlation of CRM1 level with p53 and MDM2 levels. In 2-way correlations, MDM2 and p53 levels were inversely correlated (r 5 20.17, P 5 .00007), but CRM1 levels did not correlate with MDM2 levels (r 5 20.002, P 5 .96) or with p53 levels (r 5 20.047, P 5 .29). However in 3-way correlation (using distance weighted least squares), there was a clear interaction, with p53 levels being highest when CRM1 was high and MDM2 levels were low ( Figure 1A) , raising the possibility CRM1 functions as a complementary mechanism of p53 suppression to MDM2. Overall survival progressively worsened as CRM1 levels increased, with median survival of 66 weeks for those with CRM1 expression in the lowest third, 47 weeks for the middle third, and 37 weeks in the highest third ( Figure 1B) ; there was a statistically significant difference among these groups (P 5 .007). Similar trends were seen among patients with unfavorable cytogenetics (median survival in low, middle, and high thirds of 41, 39, and 24 weeks, respectively; P 5 .06). CRM1 did not affect remission duration (P 5 .33). We also investigated if CRM1 expression is associated with time to remission attainment. CRM1 expression levels were not significantly different among 3 groups with different times to complete remission (,46 days, 46-90 days, or .90 days) (P 5 .17). A Cox proportional hazards model was performed evaluating for factors that were independent predictors of overall survival. Starting with 13 variables that were univariate predictors in the data set, a stepwise analysis was conducted until only significant (P , .05) variables remained. This was followed by sequential add back of all previously removed variables one by one until a final model with only significant variables remained. The final model contained 6 variables: age, cytogenetics (ie, favorable and unfavorable), white blood cell count, serum albumin level, and high CRM1 level, as shown in Table 1 . High CRM1 levels were determined to be an independent predictor of overall survival in both univariate and multivariate analysis. For personal use only. on April 14, 2017. by guest www.bloodjournal.org From much more prominent in p53 wild-type cells than in p53-defective cells. ED 50 values (effective concentration inducing 50% killing as measured by annexin V positivity) were 150, 90, and 85 nM in p53 wild-type OCI-AML, MOLM-13, and MV4;11 cells; whereas they were .1000 nM in 4 of the 5 p53 mutant cell lines (Figure 2A ). KPT-301, an inactive trans-enantiomer of KPT-185, did not exhibit antiproliferative or apoptosis-inducing activities, confirming the selective inhibition of CRM1 by KPT-185 (data not shown). The selective MDM2 inhibitor Nutlin-3a served as positive control for wild-type p53-mediated apoptosis induction (Figure 2A , white bars). 8, 31 We also investigated the effect of KPT-185 on cell proliferation. IC 50 values (concentration at which cell growth is inhibited by 50%) of KPT-185 for wild-type p53 cell lines ranged from 27 to 38 nM, only modestly lower than the range for p53 mutant cell lines (48-112 nM) (Figure 2A ), suggesting that KPT-185 potently inhibits cell growth of AML cells, irrespective of p53 functional status.
To further define the observed cell growth inhibition and apoptosis induced by KPT-185, we investigated the effect of stable p53 knockdown in 3 p53 wild-type AML lines. p53-specific short hairpin RNA (shRNA) reduced p53 basal levels by 90% to 95% but did not significantly affect CRM1 expression (supplemental Figure 3 ). At lower doses (<20 nM) of KPT-185 in all lines, the proportion of viable cells remained high, but cell numbers were substantially decreased (by ;40% at 20 nM) ( Figure 2B , upper and middle panels). This cytostatic effect was p53 independent, in that there was little difference between cell numbers with scrambled or p53-specific shRNA. At higher doses, KPT-185 decreased cell viability and increased the percentage of annexin V-binding cells, which was less prominent in p53 knockdown cells than in control cells ( Figure 2B , all panels). These data indicate that the KPT-185 depends on p53 for apoptosis induction, but not for cytostatic effects.
KPT-185 induces p53 response in AML
Inhibition of CRM1 is expected to accumulate p53 in the nucleus. Because it has been reported that p53 degradation occurs most efficiently on cytoplasmic proteasomes, 32 nuclear retention of p53 may result in increased cellular levels. CRM1 inhibition by KPT-185 increased cellular p53 protein levels ( Figure 3) and activated p53 target genes TP53I3, GDF15, MDM2, PUMA, ZMAT3, and p21 (data not shown). KPT-185 treatment did not affect p53 messenger RNA levels, even at 1000 nM, excluding the possibility that CRM1 inhibition leads to gene induction of TP53 (data not shown).
We next investigated if KPT-185 increases the levels of specific p53 isoforms in p53 wild-type AML lines. The rabbit polyclonal FL-393 and sheep polyclonal SAPU antibodies recognize all 9 p53 isoforms (full-length p53 [FLp53], p53b/g, D133p53a/b/g, D40p53a/b/g), and the mouse monoclonal DO-1 antibody detects FLp53, p53b, and p53g. 33 It has been reported that AML cells express FLp53 and p53b/g. 34 In addition to FLp53, FL-393 and DO-1 detected p53b/g expression in OCI-AML-3 and MV4; 11 cells after KPT-185 treatment (Figure 3 ). Induction of p53b/g expression was much less prominent than that of FLp53. MOLM-13 cells exclusively expressed FLp53. SAPU did not sufficiently detect p53 isoforms except for FLp53. None of the cells expressed DNp53 isoforms (D133p53 and D40p53). These data suggest that the inhibition of CRM1 promotes the induction of FLp53.
KPT-185 synergizes with the MDM2 inhibitor Nutlin-3a to induce p53 and apoptosis in AML Nutlin-3a increases total cellular levels of p53 in both nucleus and cytoplasm, 7, 9 whereas CRM1 inhibition restores the nuclear function of p53 by relocation of p53 to the nucleus. Because the mode of action of CRM1 inhibitors is distinct from that of MDM2 inhibitors, we investigated if the KPT-185/Nutlin-3a combination synergistically induces profound p53 response and cell death in AML cells. Treatment of OCI-AML-3 cells with KPT-185 or Nutlin-3a caused a time-dependent increase in p53 levels ( Figure 4A ). The KPT-185/Nutlin-3a combination resulted in more pronounced p53 induction than the individual agents. Increased p53 induction by the combination was also observed in MOLM-13 and MV4;11 cells ( Figure 4B ). To investigate if the synergistic p53 induction of p53 by KPT-185 and Nutlin-3a leads to synergistic apoptosis induction, OCI-AML-3 cells expressing scrambled or p53specific shRNA were treated with KPT-185 and Nutlin-3a, either as individual agents or in combination. As shown in Figure 5A , the synergistic cell death effect was dependent on functional p53 status. This p53-dependent synergistic cell death effect was also found in MOLM-13 and MV4;11 cells ( Figure 5B ). Intracellular localization of p53 was determined using confocal microscopy in OCI-AML-3 cells that have been shown to preferentially express cytoplasmic p53. 7 p53 was barely detected in control cells ( Figure 6A ). After KPT-185 treatment, ;70% of the cells showed nuclear accumulation of p53. Nutlin-3a induced cytoplasmic, cytoplasmic and nuclear, or nuclear accumulation of p53 in individual cells. When they were combined, almost all cells showed intense nuclear accumulation of p53. In accordance with the synergistic induction of nuclear p53 ( Figures 5A and 6A) , the KPT-185/Nutlin-3a combination induced profound p53 responses ( Figure 6B ).
Patient AML cells with mutant p53 are less sensitive to We investigated if p53 mutational status affects cell susceptibility to KPT-185 in primary AML (n 5 46; supplemental Table 2 ). p53 status was available for 40 samples. Six cases had mutant p53, and they were significantly less sensitive to KPT-185 compared with those with wild-type p53 (P , .01) ( Figure 7A ). FLT3 mutations were associated with increased KPT-185 sensitivity (P , .05), and the difference was more significant in wild-type p53 samples (P 5 .01) ( Figure 7B ). Sensitivity to KPT-185 appeared to be independent of NPM1 mutations (27.1 6 2.6% vs 34.6 6 6.9%, P 5 .23). Because the cellular outcome of p53 activation is defined by variations in intrinsic downstream effectors of p53 activation, 35 we correlated the extent of apoptosis induced by KPT-185 with that induced by Nutlin-3a. The extent of apoptosis induced by KPT-185 positively correlated with that induced by Nutlin-3a ( Figure 7C ). Table 2 ). Both KPT-185 and Nutlin-3a induced apoptosis in CD34 1 /CD38leukemia stem/progenitor cell populations as effectively as in bulk cells (supplemental Figure 4A ), suggesting high sensitivity of progenitor cells to CRM1 and MDM2 inhibition. KPT-185 and Nutlin-3a synergized to induce apoptosis both in bulk and CD34 1 /CD38cells. Based on the range of apoptotic effects (45.6% to 79.2% in the combination treatment group), the CI values for ED 50 and ED 75 (effective concentration inducing 75% killing as measured by annexin V positivity) were considered to directly reflect their combination effect. The CI values were 0.26 (bulk) and 0.30 (CD34 1 /CD38 -) for ED 50 and 0.93 (bulk) and 0.46 (CD34 1 /CD38 -) for ED 75 , indicating a highly synergistic interaction. The synergistic effect was not observed in normal hematopoietic progenitor cells (supplemental Figure 4B ). Normal CD34 1 /CD38cells were significantly less sensitive to KPT-185 and Nutlin-3a than CD34 1 /CD38 -AML cells (5.6 6 2.5% vs 32.8 6 6.7% at 800 nM KPT-185, P , .05; 6.9 6 2.6% vs 59.8 6 9.9% at 8 mM Nutlin-3a, P , .01; 8.5 6 2.8% vs 79.2 6 4.5% in the combination, P , .0001) (supplemental Figure 4B) .
Finally, we investigated if expression of p53 isoforms affects AML cell sensitivity to KPT-185. Primary AML samples (n 5 24) variously expressed FLp53 and p53bg, as determined by western blotting. Consistent with a recent study, 34 DNp53 isoforms were not detected. Total p53 levels in patient samples relative to those of OCI-AML-3 ranged from 0 to 4.76 (median 0.10). There was no significant correlation between relative p53 level and the percentage of specific annexin V (r 5 20.13, P 5 .53). p53bg/FLp53 protein ratio ranged from 0 to1.04 (median 0.32). Again, significant correlation was not detected between p53bg/FLp53 ratio and the percentage of specific annexin V (r 5 20.05, P 5 .82). KPT-185 treatment increased FLp53 levels, but the effect on p53bg was minimal (n 5 5; data not shown).
Discussion
CRM1 expression in AML has not been investigated to date. We profiled CRM1 expression in 511 newly diagnosed AML patients and found that CRM1 expression has a prognostic impact in AML. High CRM1 levels were observed to be an independent predictor of overall survival in both univariate and multivariate analysis. Higher levels of CRM1 were significantly associated with higher marrow blast percentages, white cell counts, peripheral blood blast percentages, and absolute peripheral blood blast count. Expression was significantly lower in those with favorable cytogenetics compared with those with intermediate or unfavorable cytogenetics. Inferior overall survival in a patient group with high CRM1 expression provides additional prognostic definition and rationale for therapeutic targeting of CRM1 in AML.
CRM1 expression was higher in AML with FLT3 mutations, which have been associated with poor survival in AML. 36, 37 Importantly, CRM1 inhibition by SINEs downregulates FLT3 at the posttranscriptional level in AML cells. 24 Because FLT3/internal tandem duplication (ITD) AML cells are susceptible to p53mediated cell death, 38 SINEs that inhibit CRM1 and activate p53 may be beneficial in treating FLT3-mutated AML. Indeed, FLT3 mutations were associated with increased sensitivity to KPT-185 in patient samples, although the sample size was small. High CRM1 levels appeared to be associated with activated AKT signaling. Increased levels of phosphorylated death agonist BAD and 14-3-3 z may promote binding of BAD to 14-3-3 z to prevent an association between BAD with B-cell CLL/lymphoma 2 (BCL-2) and BCL2-like 1 (BCL-X L ), conferring antiapoptotic properties to AML cells. Hence, the role of AKT in the regulation of CRM1 warrants further characterization.
Because MDM2 inhibition itself has not been sufficient to accumulate p53 in the nucleus in AML, 7 we investigated if dual inhibition of MDM2 and CRM1 activates the p53-mediated transcription program. The combination of Nutlin-3a and KPT-185 not only increased cellular p53 levels but also accumulated p53 in the nucleus, resulting in synergistic apoptosis induction in AML. Considering that p53 is inactivated in the vast majority of human cancers, either through mutation, increased interactions with its negative regulator MDM2, or cytoplasmic sequestration, the potential effectiveness of the combination strategy could be relevant not only in AML but also in various cancers with wildtype p53. Furthermore, the limited cytotoxicity against normal hematopoietic cells suggests a therapeutic window for the combination.
KPT-185 exhibited potent antiproliferative effects in a p53independent manner. Etchin et al 22 have reported that KPT-185 exhibits p53-independent antileukemic activity in AML cell lines, using an adenosine triphosphate-based assay. Nonspecific proliferation assays like MTT [3-(4,5-dimethylthiazol-2-yl)-2,5dimethyltetrazolium bromide], MTS [3-(4,5 dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-2H-tetrazolium], or adenosine triphosphate-based assays are unable to distinguish effects on cell death or cell growth, and the observed antileukemic activity may be attributable to antiproliferative effects of KPT-185. We found that the p53 status was the major determinant of apoptotic response to KPT-185 in AML cell lines and in primary cells. Induction of apoptosis has been shown to be a key determinant of drug response in AML. 39 The hypothesis that p53 status affects clinical response to KPT-SINEs could be validated in patients undergoing clinical trials with KPT-330 (NCT01607892).
One of the AML-specific abnormalities, mutant NPM1, is mediated by CRM1. 17 NPM1 mutations create a nuclear export signal motif and disrupt tryptophans at the NPM1 C terminus, leading to CRM1-dependent cytoplasmic accumulation of mutant NPM1. OCI-AML-3 cells carrying the NPM1 mutation have been reported to exhibit cytoplasmic accumulation of NPM1, and cytoplasmic NPM1 has been shown to be retained in the nucleus following CRM1 inhibition. 24 Our finding that p53 knockdown substantially blocked KPT-185-induced apoptosis in OCI-AML-3 cells (74.2 6 2.2% vs 5.4 6 0.3% at 200 nM KPT-185, P , .001) suggests that CRM1 inhibition induces apoptosis independent of NPM1 mutation status. Alternatively, nuclear accumulation of mutant NPM1 may induce apoptosis through p53 activation. Because nucleoplasmic NPM1 increases p53 stability through interaction with p53 and MDM2, 40, 41 cytoplasmic accumulation of mutant NPM1 can negatively regulate p53. In this setting, CRM1 inhibition could reactivate p53 and induce apoptosis in a p53dependent manner. Further studies are required to clarify how NPM1 mutations interfere with the antileukemia effect of CRM1 inhibitors.
